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Botanical evidence suggests that North Gujarat (India) was a primary center of plant domestication during the mid-
Holocene. However, lack of systematic archaeobotanical research and signiﬁcant taphonomic processes have so far
hampered the possibility of substantiating this hypothesis. This paper explores the role of plants in the subsistence
strategies of early-middle Holocene populations in this semiarid region and the processes leading to plant cultivation.
To do so, we carry out a multiproxy archaeobotanical study—integrating macro and microbotanical remains—at
two hunter-gatherer and agropastoral occupations. The results show that the progressive weakening of the Indian
summer monsoon ca. 7,000 years ago compelled human populations to adopt seminomadic pastoralism and plant
cultivation, which resulted in the domestication of several small millet species, pulses, and sesame.
Understanding how human societies adapted to environ-
mental and climatic variability in the past is fundamental to
face present and future climatic events, particularly in highly
vulnerable arid and semiarid regions (Brooks, Grist, and
Brown 2009; Costanza et al. 2007). Archaeological research in
marginal areas has revealed how humans reacted to changing
ecological conditions by integrating short-term coping mech-
anisms and long-term adaptive strategies, such as innovation,
enhanced social networks, increased mobility, and, ultimately,
migration (e.g., An et al. 2005; Dillehay andKolata 2004; Kuper
and Kröpelin 2006; Rosen and Rivera-Collazo 2012; Spielmann
et al. 2011).
North Gujarat (northwestern India) is a semiarid ecotone
(annual precipitation of 400–600 mm) between the Thar
Desert and the semihumid South Gujarat (ﬁg. 1). The region
is characterized by a strong seasonality—the Indian summer
monsoon regime, in which most of the rainfall occurs be-
tween June and September—as well as a high variability in
interannual precipitation (Balbo et al. 2014), and it is prone
to both severe droughts and ﬂoods every few years (Partha-
sarathy et al. 1987).
North Gujarat can be divided into four physiographical
units: the uplands (Aravalli Hills), the silt belt, the dune-
interdune area, and the Little Rann of Kachchh (Balbo et al.
2013; Conesa et al. 2015). Archaeological evidence is mostly
found in the dune-interdune area, which is characterized by
stabilized dunes from the retreat of the Thar Desert ca. 7,000
years ago (Balbo et al. 2013 and references therein). Inter-
dunal depressions accumulate monsoon rainwater and retain
high moisture levels for a good part of the year, offering water
to pastoral and agricultural activities. The major agricultural
season in North Gujarat is the summer kharif, which involves
sowing with the ﬁrst monsoonal rains (June-July) and har-
vesting in October-November (Reddy 1997). Winter rabi cul-
tivation (crops grown between November and April) occurs
only with the aid of modern irrigation, although dry farming
is possible in some interdunal depressions (Bhan 1994).
During the early andmiddleHolocene, hunter-gatherer and
agropastoral communities occupied North Gujarat. Hunter-
gatherer occupations are characterized by the presence of a
microlithic industry and the absence of ceramics and are of-
ten called mesolithic (e.g., Sankalia 1987) or microlithic (Patel
2009) in the literature. More than 2 decades ago, scholars
identiﬁed the existence of autochthonous food-producing
communities in North Gujarat and Kachchh dating to the mid
fourth millennium BC (Ajithprasad 2002; Ajithprasad and
Sonawane 2011; Patel 2009; Possehl 1992; Sonawane and
Ajithprasad 1994). This cultural tradition, mainly deﬁned by
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a distinctive pottery assemblage, was named Anarta after the
traditional name of North Gujarat. The importance of pasto-
ral activities for Anarta communities seems clear (Ajithprasad
and Sonawane 2011 and references therein); however, the role
of plant resources in their subsistence strategies remains poorly
understood (Sonawane 2000:143). During the mid third mil-
lennium BC a series of walled urban settlements with charac-
teristic Harappan material culture from the Indus Civilization
(northwest South Asia) appear along trade and travel corridors
throughout Gujarat (Chase et al. 2014). Archaeobotanical re-
search at Harappan (ca. 2500–1700 BC) settlements in Sau-
rashtra (e.g., Reddy 1997; Weber 1999) shows an agricultural
system based on native small millets and tropical pulses, as op-
posed to the Near Eastern crop package characteristic of the
core Indus Valley (Fuller and Madella 2002).
The aim of this paper is to explore the role of plants in the
subsistence strategies of pre-Harappan populations in North
Gujarat, with a focus on testing Fuller’s (2006) hypothesis on
the origins of cultivation in this semiarid region. To do so, we
discuss the results of a multiproxy study—integrating macro
and microbotanical remains—from two early-middle Holo-
cene occupations: Loteshwar, the most thoroughly investi-
gated Mesolithic and Anarta site, and the nearby hunter-
gatherer occupation of Vaharvo Timbo.
Case Study
Loteshwar (23736′1.8″N, 71750′11.8″E), locally known as
Khari no Timbo, is located about 500 m east of the Khari
River (ﬁg. 1). The excavation conducted by the Department of
Archaeology and Ancient History of the Maharaja Sayajirao
University of Baroda in the early 1990s uncovered two oc-
cupational levels: a Mesolithic hunter-gatherer occupation
with superimposed Anarta Chalcolithic deposits (Mahapatra
1995). A series of accelerator mass spectrometry (AMS) 14C
determinations (Ajithprasad 2002, 2004; Patel 2009; Sona-
Figure 1. Map of North Gujarat, showing climatic zones, the maximum fossil extent of the Thar Desert, monsoon-prone ﬂood
areas, and the location of Loteshwar and Vaharvo Timbo. Image by Francesc C. Conesa. A color version of this ﬁgure is available
online.
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wane and Ajithprasad 1994) place Loteshwar as one of the
earliest Holocene hunter-gatherer occupations in north-
western India (7168–4703 cal BC). The Anarta occupation of
the dune (3681–2243 cal BC) predates the establishment of
Urban Harappan communities in Gujarat (Ajithprasad and
Sonawane 2011). Furthermore, the study of faunal remains
(Patel 2009) suggested that North Gujarat had the potential
for local domestication of Bos indicus (zebu).
The North Gujarat Archaeological Project (NoGAP), a col-
laboration between the Maharaja Sayajirao University of Ba-
roda and the Institució Milà i Fontanals, Consejo Superior de
Investigaciones Cientíﬁcas (Spain; Madella et al. 2010), exca-
vated a 4# 4-m trench at Loteshwar in 2009. The stratigraphic
sequence uncovered features comparable to those identiﬁed in
the previous excavations: an aceramic hunter-gatherer (Me-
solithic) occupation of about 80 cm and an Anarta deposit of
about 60 cm (Madella et al. 2011), separated by a mixed level of
ca. 40 cm with a few small potsherds. The hunter-gatherer and
the mixed levels were cut by three Anarta pits down to 50/
170 cm, with a lining of plant material preserved as pure phy-
toliths (Balbo et al. 2015).
Vaharvo Timbo (23733′17.05″N, 71748′12.01″E) lies 6 km
southwest of Loteshwar (ﬁg. 1). The site, reported in the early
1980s as Wasaro no Timbo (Bhan 1994, appendix), was ex-
cavated by the NoGAP team in 2011. Two 4# 4-m trenches
were opened (Madella et al. 2012): trench 1 had a uniform
aceramic hunter-gatherer occupation of ca. 100 cm, with three
pits of different size and shape down to about 135 cm; trench
2 had also an aceramic deposit cut by a human burial. The
grave goods of the burial included two full Early Harappan
Sindh pots (ca. 2800–2600 BC; Ajithprasad 2011).
The archaeological deposits uncovered by the NoGAP ex-
cavations at Loteshwar and Vaharvo Timbo were AMS dated
(table 1). At Loteshwar, the dates show a shorter Anarta oc-
cupation of the dune (ca. 2700–2300 cal BC) in respect to the
deposits from the previous excavations (ca. 3700–2250 cal
BC). The Mesolithic and mixed levels were also dated ca.
2700–2300 cal BC, suggesting that there was a postdeposi-
tional inﬁltration (or mixing as suggested in the mixed level)
of wood charcoal from the uppermost Anarta deposits. The
dates from Trench I at Vaharvo Timbo (ca. 5600–5000 cal
BC) show a relatively long hunter-gatherer occupation of the
dune, contemporaneous with the end of the hunter-gatherer
occupation at Loteshwar (Ajithprasad 2004; Patel 2009; So-
nawane and Ajithprasad 1994).
Material and Methods
A systematic sampling strategy for the recovery of macro-
(seeds and charred wood) and microbotanical (phytoliths
and starch grains) remains was carried out for the entire
stratigraphic sequences of the sites (tables 1, 2). Bulk samples
were collected from each excavation spit (ca. 10 cm) on a
2 # 2-m grid and macroremains recovered by bucket ﬂo-
tation with a 0.25-mm mesh. Sediment samples (ca. 50 g)
were separated before ﬂotation for microbotanical and soil
pH analyses. All macroremains in the fraction 10.5 mm were
sorted using a Leica EZ4 D stereoscope. Microremains from
sediments and grinding tools were extracted following the
protocols described by García-Granero et al. (2016) and ob-
served at #200 and #630 magniﬁcations with a Leica DM
2500 microscope equipped with a Leica DF 470 camera for
microphotography.
When possible, 300 identiﬁable single-cell phytoliths were
counted, and in samples with very low phytolith presence, the
whole slide was scanned. Multicell phytoliths (silica skele-
tons) were counted independently and photographed. Phy-
Table 1. Sediment samples analyzed in this study and radiocarbon estimations
Site and ID Period Description Dated material 14C age (year BP) 2j cal age (year BC) Lab code
Loteshwar:
Dep 1 Anarta General deposit Wood charcoal 3,975 5 35 2577–2438 2219.1.1
Dep 2 Mixed General deposit Wood charcoal 3,915 5 35 2487–2290 2221.1.1
Dep 3 Mesolithic General deposit Wood charcoal 4,075 5 35 2701–2557 2223.1.1
Pit 1 Anarta SE pit … … … …
Pit 2 Anarta NE pit … … … …
Pit 3 Anarta NW pit Wood charcoal 3,925 5 35 2491–2295 2225.1.1
Ash 1 Anarta NE ashy patch Wood charcoal 4,055 5 35 2678–2475 2220.1.1
Ash 2 Anarta NW ashy patch … … … …
Vaharvo Timbo:
Dep 1 Mesolithic General deposit … … … …
Dep 2 Mesolithic General deposit Charred bone 6,160 5 40 5220–5000 Beta-366711
Dep 3 Mesolithic General deposit … … … …
Dep 4 Mesolithic General deposit … … … …
Pit S Mesolithic S pit Charred bone 6,290 5 40 5320–5210 Beta-366709
Pit N1 Mesolithic N pit, upper part … … … …
Pit N2 Mesolithic N pit, lower part Charred bone 6,650 5 40 5640–5510 Beta-366710
Note. Radiocarbon estimations from Loteshwar were provided by the Centro Nacional de Aceleradores, Sevilla, Spain. Radicarbon estimations from
Vaharvo Timbo were provided by Beta Analytics. ID, identiﬁcation; N, north; NE, northeast; NW, northwest; S, south; SE, southeast.
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tolith concentration was calculated per gram of acid insoluble
fraction, according to Albert and Weiner (2001), whereas
starch concentration was calculated per gram of processed
sediment. Phytoliths were described using the International
Code for Phytoliths Nomenclature (Madella, Alexandre, and
Ball 2005) and starch grains according to the International
Code for Starch Nomenclature (ICSN 2011). Taxonomical
identiﬁcation of all plant remains relied on the plant refer-
ence collection of the BioGeoPal Laboratory (Complexity
and Socio-Ecological Dynamics Research Group, Barcelona)
and seed atlases (Cappers and Bekker 2013; Cappers, Neef, and
Bekker 2009; Neef, Cappers, and Bekker 2012). Soil pH was
measured using a Combo pH and EC HI98129 by Hanna in-
struments to understand how soil acidity/alkalinity might have
affected the preservation of plant remains.
Results
Loteshwar
The majority of the recovered macrobotanical remains are
from the Anarta contexts (table 3; ﬁg. 2). The assemblage is
dominated by charred caryopses of small millets, mostly
Setaria verticillata (bristly foxtail) and Setaria pumila (yellow
foxtail), including one hulled grain of yellow foxtail. Other
taxa include cf. Panicum sumatrense (little millet), Brachiaria
ramosa (browntop millet), Digitaria sp., and Echinochloa cf.
colona (jungle rice). Because of their poor preservation, sev-
eral grains were identiﬁed only at Setaria, Echinochloa, and
Brachiaria (SEB) group level or simply as undetermined small
millets. Small millet inﬂorescences were also preserved min-
eralized, including B. ramosa, P. sumatrense, and SEB type. A
Table 2. Grinding stones analyzed in this study
Site and ID Description Context
Loteshwar:
GS 1a Fragment of bifacial discoidal/lens handstone, face a Dep 1
GS 1b Fragment of bifacial discoidal/lens handstone, face b Dep 1
GS 2a Half bifacial ovate/oval handstone, face a Dep 1
GS 2b Half bifacial ovate/oval handstone, face b Dep 1
GS 3a Fragment of bifacial handstone, face a Dep 1
GS 3b Fragment of bifacial handstone, face b Dep 1
GS 4 Fragment of basin grinding slab Pit 1
GS 5 Fragment of saddle-shaped grinding slab Dep 3
GS 6a Broken handstone, used as grinding slab Pit 3
GS 6b Unifacial ovate handstone Pit 3
GS 7a Half basin grinding slab, face a (not used?) Dep 2
GS 7b Half basin grinding slab, face b Dep 2
GS 8 Half basin grinding slab Dep 2
GS 9 Half bifacial ovate/oval handstone Dep 2
GS 10 Half unifacial rectilinear handstone Dep 2
GS 11 Half unifacial ovate handstone Dep 3
GS 12a Fragment of bifacial rectilinear/ﬂat handstone, face a Dep 3
GS 12b Fragment of bifacial rectilinear/ﬂat handstone, face b Dep 3
GS 13 Fragment of basin grinding slab Dep 3
Vaharvo Timbo:
GS 1 Fragment of basin grinding slab Dep 1
GS 2 Fragment of unifacial rectilinear handstone Dep 1
GS 3 Fragment of basin grinding slab Dep 1
GS 4 Fragment of basin grinding slab Dep 1
GS 5 Half unifacial ovate handstone Dep 1
GS 6 Fragment of basin grinding slab Dep 2
GS 7 Fragment of basin grinding slab Dep 2
GS 8 Fragment of basin grinding slab Dep 1
GS 9 Fragment of unifacial rectilinear handstone Dep 2
GS 10 Fragment of unifacial rectilinear handstone Dep 2
GS 11 Fragment of basin grinding slab Dep 2
GS 12 Fragment of basin grinding slab Dep 2
GS 13 Fragment of unifacial rectilinear handstone Dep 2
GS 14 Fragment of unifacial rectilinear handstone Dep 3
GS 15 Unifacial discoidal handstone Dep 3
GS 16a Fragment of unifacial rectilinear handstone, fragment a Dep 3
GS 16b Fragment of unifacial rectilinear handstone, fragment b Dep 3
GS 17 Fragment of basin grinding slab Dep 3
GS 18 Fragment of basin grinding slab Dep 4
GS 19 Fragment of unifacial rectilinear handstone Dep 4
Note. Descriptive terms after Wright (1992). ID, identiﬁcation.
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whole pseudocarp and fragments ofmineralizedCoix lacryma-
jobi (Job’s tears) were also found. Other grass remains in-
cluded Dactyloctenium aegyptium (crowfoot grass) grains, sev-
eral fragmented grains of C3 cereals (including free-threshing
wheat, identiﬁed as Triticum cf. aestivum, bread wheat), a Tri-
ticum sp. glume base and the involucre base of an unidentiﬁed
grass. The macrobotanical assemblage also consisted of Sesa-
mum indicum (sesame), Papaver sp. (poppy seed), a smallMac-
rotyloma uniﬂorum seed (horsegram), and two taxa from the
Solanaceae family: Lycium sp. and cf. Solanum sp. Finally,
several unidentiﬁed species of sedges (Cyperaceae), parenchy-
matic tissue, and weed taxa such as Trianthema spp. and Cheno-
podium sp. were also encountered.
Sediment samples had very high phytolith concentrations
(table 4) and a total of 154 silica skeletons, some of which
showed characteristic threshing marks, as described by Cum-
mings (2007; ﬁg. 3). Among the single cells, grass short cells
had an interesting trend: in all Anarta samples, panicoid mor-
Table 3. Results of the macrobotanical analyses from Loteshwar and Vaharvo Timbo
Loteshwar Vaharvo Timbo
Context Dep 1 Dep 2 Dep 3 Pit 1 Pit 3 Ash 2 Dep 1 Dep 2 Dep 3 Dep 4
Sediment volume (L) 240 75 50 135 160 80 80 60 140 100
Aizoaceae:
Trianthema portulacastrum 6 . . . . . . 2 . . . 2 . . . . . . . . . . . .
Trianthema triquetra 2 . . . . . . . . . . . . . . . . . . . . . . . . . . .
Amaranthaceae:
Chenopodium sp. 11 1 . . . 1 16 18 . . . . . . . . . . . .
Cyperaceae 9 1 2 10 5 2 . . . . . . . . . . . .
Fabaceae:
Macrotyloma uniﬂorum . . . . . . . . . . . . . . . 1 . . . . . . . . . . . .
Papaveraceae:
Papaver sp. 1 . . . . . . 1 1 1 . . . . . . . . . . . .
Pedaliaceae:
Sesamum indicum . . . . . . . . . 32 . . . . . . . . . . . . . . . . . .
Sesamum cf. malabaricum . . . . . . . . . . . . . . . . . . 2 . . . . . . . . .
Poaceae:
Chloridoideae:
Dactyloctenium aegyptium caryopsis 3 1 . . . . . . 1 2 . . . . . . . . . . . .
cf. D. aegyptium inﬂorescence . . . . . . . . . . . . . . . . . . 1 . . . . . . . . .
Panicoideae:
Brachiaria ramosa caryopsis 1 . . . . . . . . . . . . . . . . . . . . . . . . . . .
B. ramosa mineralized inﬂorescence 6 . . . 1 . . . 2 . . . . . . . . . . . . . . .
B. ramosa mineralized lemma 2 . . . . . . . . . . . . . . . . . . . . . . . . . . .
Coix lacryma-jobi pseudocarp 1 1 1 11 1 1 . . . . . . . . . . . .
Digitaria sp. caryopsis 1 . . . . . . . . . . . . . . . 1 . . . . . . . . .
Echinochloa cf. colona caryopsis 1 . . . . . . . . . . . . . . . . . . . . . . . . . . .
cf. Panicum sumatrense caryopsis 2 1 . . . 1 . . . 4 . . . . . . . . . . . .
P. sumatrense mineralized lemma . . . . . . . . . . . . . . . 1 . . . . . . . . . . . .
Setaria pumila caryopsis 8 . . . . . . . . . 1 3 . . . . . . . . . . . .
S. pumila caryopsis (hulled) . . . . . . . . . . . . . . . 1 . . . . . . . . . . . .
Setaria verticillata caryopsis 9 2 . . . 8 2 10 . . . . . . . . . . . .
SEB type caryopsis 7 . . . . . . . . . . . . 7 . . . . . . . . . . . .
SEB type mineralized inﬂorescence 3 1 . . . 1 1 1 . . . . . . . . . . . .
Small millet undetermined caryopsis 1 1 . . . 1 2 2 . . . . . . . . . . . .
Pooideae:
Triticum cf. aestivum caryopsis . . . . . . . . . 1 . . . . . . . . . . . . . . . . . .
Triticum sp. glume base . . . . . . . . . 1 . . . . . . . . . . . . . . . . . .
Cerealia undetermined caryopsis . . . . . . . . . . . . 1 1 . . . . . . . . . . . .
Poaceae undetermined inﬂorescence . . . . . . . . . . . . . . . . . . 3 . . . . . . . . .
Poaceae undetermined involucre base . . . 1 . . . . . . . . . . . . . . . . . . . . . . . .
Poaceae undetermined glume . . . . . . . . . . . . . . . . . . 3 . . . . . . . . .
Poaceae undetermined node . . . . . . . . . . . . . . . . . . 4 . . . . . . . . .
Poaceae undetermined spikelet base . . . . . . . . . . . . . . . . . . 27 . . . . . . . . .
Solanaceae:
Lycium sp. . . . . . . . . . . . . 1 . . . . . . . . . . . . . . .
cf. Solanum sp. 4 1 . . . 4 1 1 . . . . . . . . . . . .
Parenchyma fragments 1 . . . . . . 1 . . . 1 . . . . . . . . . . . .
Note. Plus sign indicates present. SEB, Setaria, Echinochloa, and Brachiaria.
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photypes predominated, whereas samples from the mixed and
Mesolithic levels showed more pooids. In all the samples, leaf/
culm morphotypes (elongate psilates and sinuates) were the
main grass long cells. The single-cell assemblage further in-
cluded dicotyledon types and tabular scrobiculated cones
from sedge achenes. Finally, the assemblage had several un-
determined taxa and unidentiﬁed phytoliths. The undeter-
mined group includes phytoliths characteristic of several taxa
(which cannot be securely assigned to a speciﬁc one), and phy-
toliths whose taxonomical or anatomical origin could not be
determined. Unidentiﬁed phytoliths are weathered phytoliths
without sufﬁcient diagnostic traits for their identiﬁcation.
Phytolith samples from grinding stones had extremely
variable concentrations (table 5). A total of 114 grass silica
Figure 2. Macrobotanical remains recovered from Loteshwar: a, charred Brachiaria ramosa caryopsis; b, charred Setaria pumila
caryopsis; c, charred Echinochloa cf. colona caryopsis; d, charred Setaria verticillata caryopsis; e, charred cf. Panicum sumatrense
caryopsis; f, charred Digitaria sp. caryopsis; g, cf. charred Solanum sp. seed; h, charred Trianthema portulacastrum seed; i, charred
Trianthema triquetra seed; j, charred Chenopodium sp. seed; k, charred Papaver sp. seed; l, charred Lycium sp. seed; m, charred
Macrotyloma uniﬂorum seed; n, charred Dactyloctenium aegyptium caryopsis; o, half-charred Triticum cf. aestivum caryopsis; p, q,
dorsal and ventral view of a mineralized inﬂorescence of B. ramosa; r, charred Sesamum indicum seed; s, t, charred Cyperaceae
seeds. Scale bars p 1 mm (a–m, p–t), 0.5 mm (n), 2 mm (o). A color version of this ﬁgure is available online.
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skeletons were encountered, including eight from panicoid
grasses. Only 10 samples—six from Anarta contexts, two
from the mixed level, and two from the Mesolithic deposit—
had enough phytoliths (1100) to be discussed quantitatively.
Leaf/culm morphotypes were again the main grass long cells
in all the samples, and the pattern of grass short cell dis-
tribution observed in the sediment samples also occurred in
the grinding stones.
Starch grains were scarce in sediment samples but abun-
dant in grinding stones (tables 4, 5). There is no difference in
the composition of starch assemblages between samples from
the various levels. A total of eight morphotypes were identi-
ﬁed (ﬁg. 4). The most common typology in all samples was the
Panicoideae (Poaceae), divided into three subtypes according
to size. Type 1 grains (3–10 mm) are characteristic of small
millets, type 3 (120 mm) occurmostly in bigmillets, and type 2
(10–20 mm) are found in both groups (Madella, Lancelotti,
and García-Granero 2013 and references therein). Six spher-
ical grains found on grinding stones and showing a linear
hilum with lines radiating from the centre were attributed to
cf. Panicoideae. Starch grains belonging to the Triticeae tribe
(Pooideae, Poaceae) were also found: discoidal grains with a
smooth surface and lamellae (type A; Yang and Perry 2013),
small spherical grains with a smooth surface and a small
vacuole (type B; Yang and Perry 2013), and bell-shaped grains
with an eccentric, linear hilum. These last two morphotypes
can occur in other taxa and were therefore grouped in cf.
Triticeae. Other ﬁnds include ovoid grains with a smooth sur-
face, lamellae, and a linear hilum diagnostic of the Faboideae
(Fabaceae). Six medium-sized (10–20 mm) ovoid grains with a
smooth surface, a regular extinction cross and an eccentric
small hilum, and one very large (150 mm) triprismatic grain
with a smooth surface, lamellae and a highly eccentric linear
hilum could not be assigned to any speciﬁc taxonomic group,
but their morphology suggests an origin from underground
storage organs (rhizomes/tubers). Finally, 61 starch grains
could not be identiﬁed because of severe damage. Soil pH val-
ues were slightly alkaline throughout the sequence (table 4),
particularly in samples pit 3, dep 2, and dep 3.
Vaharvo Timbo
Macrobotanical remains were recovered from only the upper
layer of the archaeological sequence (table 3; ﬁg. 5) and in-
cluded two morphologically wild Sesamum sp. grains (tenta-
tively identiﬁed as Sesamum cf. malabaricum), one Digitaria
sp. grain, and one cf.Dactyloctenium aegyptium inﬂorescence.
Additionally, several unidentiﬁed grass inﬂorescences, glumes,
nodes, and spikelet bases were recovered.
Phytoliths were very scarce in both sediment samples and
grinding stones (tables 4, 6). Among sediment samples, only
one had enough phytoliths for quantitative analysis (dep 1),
with the majority of morphotypes from grass leaf/culm and a
few from grass inﬂorescence (table 4). Moreover, two grass
silica skeletons were found, one from an inﬂorescence and
one from a leaf/culm. It is worth highlighting the presence
of one small (ca. 10 mm) globular echinate, characteristic of
palms (Arecaceae).
Of the 20 grinding stones samples, only four could be dis-
cussed quantitatively (!20 phytoliths were encountered on the
remaining samples; table 6). Ten grass silica skeletons were
encountered, including one from a panicoid grass. Leaf/culm
grass long cells predominated, and short cells showed a rela-
tively equal distribution among grass subfamilies. Palm phy-
toliths as well as one possibly originating from a sedge achene
were also observed, while dicotyledonous plants were mar-
ginally represented.
The starch assemblage from sediments and grinding stones
(183 grains; tables 4, 6) was clearly dominated by type 2/3
Panicoideae grains, with a minor presence of Triticeae, Fa-
boideae, tubers, and one very large (150 mm) ovoid grain with
lamellae and a highly eccentric small hilum (ﬁg. 5) attributed
to Solanum tuberosum (potato). Soil pH values were slightly
alkaline and relatively constant throughout the sequence (ta-
ble 4).
Discussion
Before considering the archaeobotanical assemblages from
Loteshwar and Vaharvo Timbo, we discuss the possible effect
of taphonomical processes. Subsequently, hunter-gatherer and
agropastoral plant exploitation strategies are discussed and a
model formid-Holocene pastoral land use strategy is proposed.
Finally, we focus on the case for a center of primary plant
domestication in Gujarat.
The Effect of Taphonomy
A series of depositional and postdepositional processes af-
fected the archaeobotanical assemblages from these sites:
(1) the abrasion on phytoliths and starch grains due to grind-
ing, (2) the effect of soil alkalinity and peaks of humidity on
phytoliths, (3) the mixing of archaeological deposits belong-
ing to different episodes of the dunes occupation, and (4) the
possible contamination during the laboratory processing of
the samples.
The effect of grinding on starch grains is well attested ex-
perimentally (Henry, Hudson, and Piperno 2009; Yang and
Perry 2013). Several starch grains from Loteshwar grinding
stones have many characters of damage, including loss of bi-
refringence, ﬁssures in the hilum, swelling, and, occasionally,
loss of all diagnostic traits (damaged unidentiﬁed grains). Sil-
ica skeletons from both sites, having a small number of cells,
also suggest mechanical breakage due to milling.
Soil alkalinity facilitates postdepositional chemical dissolu-
tion of phytoliths, especially in the presence of water (Madella
andLancelotti 2012;Piperno2006), suchasduring themonsoon
at Loteshwar and Vaharvo Timbo. Moreover, the consecutive
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occupational episodes at Loteshwar (the initial hunter-gatherer
occupation and the excavation of pits during the Anarta pe-
riod) resulted in the formation of a stratum with Chalcolithic
and Mesolithic material (mixed level).
The presence of a potato starch grain in one sample from
Vaharvo Timbo suggests contamination. The purportedly
powder-free gloves used in Vaharvo extractions tested positive
in laboratory checks for possible corn (type 2/3 Panicoideae
grains), which is the most common source of commercial
starch (Crowther et al. 2014). Since the whole residues were
processed, we were not able to repeat the extractions. Thus, we
do not further discuss the starch samples from Vaharvo Timbo
in this work.
In Loteshwar extractions, we used a different brand of
gloves, which tested negative for starch contamination, as
did other control samples from laboratory supplies (García-
Graneroet al. 2016). Nonetheless, the presence of Triticeae
starch grains in Mesolithic Loteshwar is surprising. This grass
tribe includes major cereals, such as wheat and barley, that were
introduced in North Gujarat from the Indus Valley during the
Urban Harappan period (ca. 2500 BC) or possibly earlier, at the
end of the fourth millennium BC (Pokharia et al. 2011). The
grains (representing only 0.96% of the total) might therefore be
related to local grass species producing starch similar to wheat/
barley (Yang and Perry 2013). Pooid grasses are very rare in
this region today (Parmar et al. 2012), but the high concen-
tration of Pooideae-type phytoliths in Mesolithic deposits
seems to suggest a wider presence during the early-mid Holo-
cene (see below).
Hunter-Gatherers Plant Exploitation during
the Early-Mid Holocene
Paleoclimatic models show a slow but constant weakening of
the Indian summer monsoon after the early Holocene wet
phase, ca. 10,000–7,000 years ago, with a certain degree of
variability at regional level (Gasse et al. 1996; Gupta et al. 2006;
Hu et al. 2008; Liu et al. 2003; Overpeck et al. 1996; Wei and
Gasse 1999). Preliminary data from interdunal depressions in
the vicinity of Loteshwar and Vaharvo Timbo suggest that pe-
Figure 3. Silica skeletons with potential threshing sledge marks (arrows) recovered from Loteshwar: a, Panicum/Setaria-type in-
ﬂorescence; b, Echinochloa-type inﬂorescence; c, d, Poaceae leaf/culm. Scale barsp 50 mm. A color version of this ﬁgure is available
online.
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rennial water bodies existed until ca. 7,000 years ago (NoGAP,
unpublished data), contrary to present-day conditions where
most depressions dry upduring thewinter (Conesa et al. 2014).
The similar temporal and ecological ranges, together with
comparable lithic assemblages (Gadekar et al. 2014; C. Gade-
kar, personal communication), suggest that the sites were
frequented by groups of hunter-gatherers with similar eco-
nomic strategies. The archaeobotanical record from Vaharvo
Timbo is poor, but the presence of Digitaria sp., Dactylo-
ctenium aegytium, and spikelet bases from at least four differ-
ent species suggests gathering of wild grasses. Palm and sedge
phytoliths indicate the possible exploitation of wild palms
(e.g., Phoenix sylvestris; Barh and Mazumdar 2008; Davis and
Johnson 1987; de Zoysa 1992; Khare 2007; Pandey et al. 2007)
and of other plants from the more humid interdunal areas.
Genetic evidence indicates that sesame was domesticated in
South Asia (Bedigian 2003), but the exact center of domesti-
cation is unknown, and the recovery of wild sesame seeds
highlights the presence of this plant in North Gujarat from the
early-mid Holocene.
The archaeobotanical evidence from Mesolithic Loteshwar
shows a high presence of dicot phytoliths, suggesting that
hunter-gatherers exploited woody plants more than agropas-
toral people. It is also interesting to note the relatively high
presence of pooid morphotypes, mainly rondels. Previous pa-
leoecological research in Gujarat suggests phases of higher
winter precipitation during the Holocene (Prasad, Phartiyal,
and Sharma2007; Singh, Prasad, andChakraborty 2007),which
might have facilitated a higher presence of pooid grasses. The
pooid morphotypes, however, may also derive from a so far
unidentiﬁed rondel-producing panicoid grass, as in other areas
of the world (e.g., Panicum turgidum inWest Africa; Radomski
and Neumann 2011: table 3). Indeed, several species of Pani-
coideaewere exploited inMesolithic Loteshwar, as suggested by
starch grains from this group. The starch assemblage also in-
dicates the exploitation of wild pulses.
Overall, the archaeobotanical evidence from Mesolithic
Loteshar and Vaharvo Timbo suggests the exploitation of a
wide range of plants originating from (semi)permanent wa-
ter bodies, creating marshy microenvironments in the dune-
interdune area. When combined with the zooarchaeological
analysis from Loteshwar (Patel 2009), these data show that
hunter-gatherers inhabiting the semiarid North Gujarat dur-
ing the early-mid Holocene were relying on a broad-spectrum
economy.
Millet Cultivation and Seminomadic Pastoralism:
A Model of Adaptive Strategy
The boundary between food procurement (plant gathering)
and food production (plant cultivation) has been drawn at the
human intentionality to disrupt the life cycle of a plant pop-
ulation to encourage growth (Ford 1985:2; Harris 1996:446).
The intentional cultivation of plant populations might or
might not end in a domestication event, and in any case, the
appearance of domestic traits would be delayed by at least
1,000–2,000 years (Fuller and Allaby 2009). Despite the lack
of domestic traits in archaeobotanical remains, the human
intervention in a plant life cycle can be identiﬁed in the ar-
chaeological record through the analysis of cultivation-related
artifacts (e.g., hoes) or the presence of weeds in the plant as-
semblage (Jones 1992).
The integration of our archaeobotanical data and earlier
research is the basis for a model of mid-Holocene agropasto-
ral land use strategy in North Gujarat (ﬁg. 6) by a semino-
madic group with a low-level food producing economy (Smith
2001). The current regime of interdunal water availability was
established ca. 7,000 years ago, and the human population had
to adapt to new ecological settings, with reduced humidity
and interdunal water bodies during the premonsoon season
(Conesa et al. 2014). Zooarchaeological data advocate for
the adoption of seminomadic pastoralism (sensu Khazanov
1984:19) from neighboring herders (Fuller 2006) or as a lo-
cally developed process of cattle domestication (Patel 2009).
Plant remains from Anarta Loteshwar suggest that livestock
was complemented with cultivation of local small millets and
probably other kharif crops, such as Job’s tears, horsegram,
and sesame. The presence of weeds associated with cultiva-
tion (Trianthema spp. and Chenopodium sp.) supports the
idea that these plants were not simply gathered as wild.
The integration of millet cultivation and seminomadic pas-
toralism has been (and still is) a successful subsistence strat-
egy for populations in semiarid regions worldwide, including,
for instance, the Central Eurasian steppes during the Final
Bronze Age and the Early Iron Age (Chang et al. 2003; Light-
foot et al. 2014; Murphy et al. 2013; Svyatko et al. 2013) and
present-day FulBe groups in the Sahel (Thébaud and Batter-
bury 2001). The cultivation of fast-maturing small millets,
harvested 60–90 days after sowing (Weber and Fuller 2008), is
compatible with the seasonal migration cycles of mobile pas-
toral groups, enabling them to take advantage of several eco-
logical niches (Di Cosmo 1994). Seminomadic agropastoral
groups inhabiting North Gujarat during the mid-Holocene
would have scheduled plant-related activities according to the
highly seasonal monsoon regime, maximizing mobility dur-
ing periods of scarce resource availability.
Monsoon (June-September). Pastoral groups sowed small
millets and other kharif crops in the more fertile interdunal
depressions (soils with higher humidity and clay) with the ﬁrst
monsoon rains (between June and July; ﬁg. 6a), and a certain
degree of land clearance was probably part of the presowing
land preparation (cf. Singh 2010). During the period of crop
growth and maturation (August-September), these groups
would dwell in the area, feeding cattle on the green open scrub-
lands and gathering plants from the marshy areas. Some de-
gree of crop weeding might have occurred, although small
millets do not need much work investment (Fogg 1983; Ki-
mata,Ashok, andSeetharam2000;Weber andFuller 2008).The
presence of big millet starch grains (Panicoideae type 3) and
García-Granero et al. Millets and Herders 159
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pseudocarps of Job’s tears suggest the possibility of a mixed
cultivation strategy. Job’s tears, originating in Southeast Asia,
became ubiquitous in Gujarat and Rajasthan during the mid-
late Holocene; it was mostly used as ornaments, but it prob-
ably also had some role in people’s diet (García-Granero, Lan-
celotti, and Madella 2015; Pokharia et al. 2011 and references
therein). Fast-maturing sesame, grown for its high oil content,
could have been cultivated in mixed stands with pulses, simi-
larly to current traditional agriculture in Kachchh (Singh
2010). Sesamum indicum was well established as a kharif crop
during the Urban Harappan phase (ca. 2500–1900 BC) of the
Indus Valley Civilization (Tengberg 1999), from where it
spread to southwest Asia (Bedigian 2004; Fuller 2003).
Postmonsoon (October-January). Between October and No-
vember, crops would be harvested (ﬁg. 6b). Because of different
inter- and intraspecies maturation rates, plants were probably
harvested on multiple episodes (Fogg 1983; Kimata, Ashok,
and Seetharam 2000; Weber and Fuller 2008), and millets as
immature spikelets to avoid major seed loss (Fuller and Allaby
Figure 4. Starch grains recovered from Loteshwar and Vaharvo Timbo: a, Panicoideae type 1/2 grains; b, cf. Panicoideae grain;
c, Faboideae grain; d, Triticeae grain; e, cf. Triticeae (spherical) grain; f, cf. Triticeae (bell-shaped) grain; g, tuber undetermined 1 grain;
h, tuber undetermined 2 grain; i, Solanum tuberosum grain. Scale bars p 20 mm. A color version of this ﬁgure is available online.
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2009). Inﬂorescence structure in small millet species can some-
time be loose, requiring a cutting at the base of the plants that
results in the incorporation of a large quantity of weeds and the
need for labor-intensive crop processing (Reddy 1997). During
postharvest (December-January; ﬁg. 6c), cattle would be fed on
leaves/culms leftovers. Grass fodder was probably important
throughout the year, as highlighted by the isotopic analyses
from domestic cattle remains at Loteshwar (B. Chase, per-
sonal communication). Part of the grains would have been
preserved for next year sowing, and plant macroremains (weeds
of similar size as small millets and mineralized inﬂorescences)
suggest that small millets were stored hulled, probably to pro-
tect them (Bouby, Fages, andTreffort 2005; Reddy 1997).Millet
grains can be stored for up to 3 years (Weber and Fuller 2008),
but a technological study of one of the Anarta pits uncovered
at Loteshwar in 2009 highlights that the storage structures
were used only during the dry season (lack of waterprooﬁng
by plastering; Balbo et al. 2015), thus indicating that crops were
not likely to be stored for long periods and probably mostly
set aside during the months following the harvest. Final crop
processing (dehusking and grinding) was most likely carried
out on a daily basis on site, as suggested by the microbotanical
evidence from grinding stones.
During years of scarce yields, wild grasses could have sup-
plemented the cultivated grains. The presence of crowfoot
grass in the macrobotanical assemblage suggests such a pos-
sibility, and it would also explain the relatively high presence
of saddle phytoliths in sediments and grinding stones. This
plant is widely distributed throughout the tropics, subtropics,
and warm temperate regions of the Old World (Manidool
1992), and it is generally considered a weed. Ethnographic
record from modern Rajasthan illustrates that it can be con-
sumed as a famine crop alone, mixed with semiground pulses
to prepare Keech, or ground with millet for breadmaking
(www.hort.purdue.edu).
Premonsoon (February-May). During the summer months
(February-May), the gathering of other plant resources such
as sedges and tubers would have increased to complement the
dwindling grains (ﬁg. 6d). Macrobotanical and phytolith evi-
dence at Loteshwar suggests the use of sedges, possibly also
for consumption, collected from themarshy interdunal depres-
sions. Moreover, carbonized parenchymatic tissue and starch
grains indicate the consumption of tubers. Plant remains from
UrbanHarappan Shikarpur in Kachchh (García-Granero, Lan-
celotti, and Madella 2015) and several Neolithic sites in south-
ern India (Fuller et al. 2004) imply a more important role than
previously acknowledged of tuberous plants in the prehistory
of the subcontinent. To overcome premonsoon scarcity, semi-
nomadic groups in North Gujarat could have also traded with
neighboring Harappan communities, and the minor presence
of wheat (a winter crop) at Loteshwar can be interpreted as
such. Further evidence for contacts—in this case, outside the
Indus Valley—was highlighted by the presence of Musa sp.
phytoliths in a previous study fromLoteshwar (García-Granero
2011; García-Granero et al., forthcoming). With the arrival of
themonsoon, the interdunes would have been sown again, with
the option of exploiting the same depressions for a few years
Figure 5. Macrobotanical remains recovered from Vaharvo Timbo: a, charred Sesamum cf. malabaricum seed; b, charred Digitaria
sp. caryopsis; c, charred cf. Dactyloctenium aegyptium inﬂorescence; d, e, charred Poaceae inﬂorescences; f–i, Poaceae spikelet bases;
j, Poaceae glume. Scale bars p 1 mm (a–h, j), 2 mm (i). A color version of this ﬁgure is available online.
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and then moving to nonexploited grounds within the dune-
interdune area.
Was North Gujarat a Center of Plant Domestication?
Cultivation of small millets and tropical pulses was well es-
tablished in Gujarat by the Urban Harappan period (Fuller
2006). The local character of the prehistoric Gujarati crop
package suggests the existence of an indigenous plant do-
mestication process (Fuller 2006, 2011; Fuller and Murphy
2014; Purugganan and Fuller 2009). The archaeobotanical
evidence from Loteshwar and Vaharvo Timbo reveals a con-
tinuous history of plant gathering and then predomestication
cultivation of at least three different groups: small millets,
pulses, and sesame. The cultivation is unequivocal from the
archaeobotanical record, but deﬁning North Gujarat as a pri-
mary center of domestication requires an assessment of the
domestic character of these plants. Some of the morpholog-
ical and genetic traits that characterize a plant as domestic are
the loss of seed dispersal mechanisms, the loss of germination
inhibition, changes in seed size, and the appearance of sea-
sonality control (Fuller and Allaby 2009).
Germination inhibition (loss of seed dormancy) and changes
in seed size would occur during predomestication cultivation
and should therefore be the ﬁrst observed archaeobotanically,
especially in the case of size change. South Asian small millets
do not show an increase in seed size after domestication, and
most of them are still found wild or as weeds nowadays (Fuller
2011: table A5). The small millets recovered from Anarta
Loteshwar and later Harappan settlements in Gujarat are no
exception to this, hindering the possibility of making infer-
ences on their domestication status sensu stricto. A similar
case can be made for pulses, which were recovered at Lotesh-
war from the macro- (horsegram) and microbotanical (Fabo-
ideae starch) assemblages, suggesting exploitation since the
seventh millennium BC. Tropical pulses are commonly found
in Harappan settlements in Gujarat and Rajasthan, and wild
stands of Macrotyloma and Vigna radiata (mung bean) are
still present in the region (Fuller and Harvey 2006).
The native character of these plants and their long-term
presence (hundreds to thousands of years) in the archaeo-
logical records—including the occurrence of other taxa con-
sidered associated weeds—all advocate for North Gujarat as a
center of small millet and pulses (probably horsegram) do-
mestication. Dating the origins of small millet and horsegram
Figure 6. Model of the land use strategy of seminomadic populations in North Gujarat during the mid-Holocene: a, monsoon
period; b, c, postmonsoon period; d, premonsoon period.
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exploitation and cultivation in North Gujarat is, however,
difﬁcult because of the challenging archaeological deposits.
Indeed, the lack of clear stratigraphy and signiﬁcant pre- and
postdepositional taphonomic processes in most Anarta sites
create a scant macrobotanical assemblage. Similar processes
of combined small millets and pulses domestication occurred
in southern India (Fuller et al. 2004). Horsegram has been cul-
tivated in southern India since ca. 2500 BC (Fuller and Harvey
2006) and smallmillets from ca. 2000 BC (Fuller 2011), therefore
later than the mid third millennium BC Anarta remains from
Loteshwar.
The seeds of domestic sesame from Anarta Loteshwar are
among the earliest recovered in South Asia (for a review, see
Fuller 2003). The presence of wild sesame seeds at Vaharvo
Timbo suggests that the plant was already exploited by hunter-
gatherer groups during the early-middle Holocene and pos-
sibly became locally domesticated during the mid-Holocene.
However, further evidence and a more robust chronology are
needed to establish North Gujarat as the center of sesame do-
mestication.
Conclusions
The archaeobotanical data from Loteshwar and Vaharvo
Timbo, in the wider context of North Gujarat, are an illus-
trative example of human adaptation to climatic and envi-
ronmental changes in semiarid regions. The end of the hunter-
gatherer occupation at these sites roughly coincides with the
weakening of the precipitations (ca. 7,000 BP) and the retreat
of the interdune marshland environments. This evidence sug-
gests that food production emerged in North Gujarat as a re-
sponse to weakening rains (monsoon) to ensure resource pre-
dictability, as it seems to have been the case in other semiarid
areas of the world, such as the African Sahel (Marshall and
Hildebrand 2002). In our area, human populations adopted a
strategy that involved seminomadic pastoralism, the cultiva-
tion of fast-maturing crops, and the gathering of wild plants.
We consider that our data support a local origin of plant do-
mestication and that North Gujarat can be seen as a primary
center of origin, regardless of a local development of animal
domestication (Patel 2009) or through adoption from neigh-
boring areas such as the southern Indus Valley (Fuller 2006).
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Even though it is now recognized that there are at least 19
independent centers of agricultural origins worldwide (Lar-
son et al. 2014), hard data in the form of archaeological plant
remains have been slow in forthcoming for many, particularly
in Africa and South Asia. Consequently, our ability to for-
mulate and reﬁne regional models of crop origins and sub-
sistence transitions needed for global comparison has been
seriously hindered. North Gujarat is one of three regions of
South Asia proposed as one such locus of domestication (Ful-
ler 2006, 2011), yet it is entirely lacking in archaeobotanical
evidence for the period spanning the move from food gath-
ering to food production (Murphy and Fuller 2014). García-
Granero et al.’s study of early plant use by Mesolithic hunter-
gatherers and Chalcolithic pastoralists at two mid-Holocene
sites in North Gujarat therefore provides a much needed,
archaeobotanically informed view of these processes.
Although the question of whether Gujarat is a center of plant
domestication is ultimately left open in their paper, García-
Granero et al. build a compelling case for the mid-Holocene
transition to cultivation at the site of Loteshwar. This argu-
ment is based primarily on the presence of seeds from arable
weeds (Trianthema and Chenopodium; the former a common
millet weed in Harappan and later sites; Fuller et al. 2014)
alongside the remains of small millets (e.g., Panicum suma-
trense, Brachiara ramosa, and Setaria spp.), tropical pulses
(Macrotyloma uniﬂorum), and the important oil crop, ses-
ame (Sesamum indicum), among others. These ﬁndings are
congruent with the local distribution of the wild progenitors
of these crops as well as archaeobotanical evidence presented
elsewhere showing that they were established as key domesti-
cates in Gujarat by the Harappan period (see Fuller and Murphy
2014). The study thus represents a signiﬁcant breakthrough in
the search for agricultural origins in South Asia.
It is now widely accepted that the pathway to agriculture
was not necessarily uniform or linear but a dynamic process
that followed diverse regional trajectories as hunter-gatherers
actively responded to new environmental opportunities and
challenges at different times and places. For North Gujarat,
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García-Granero et al. present a model that situates the earliest
phases of cultivation in the context of a weakening Indian
summer monsoon system, where hunter-gatherers were com-
pelled to begin cultivating wild plants to ensure a predictable
and reliable food supply. As shown by previous zooarchaeo-
logical studies, this was broadly concurrent with a shift toward
seminomadic pastoralism, with livestock as well as crops such
as wheat (Triticum sp.) likely acquired through contact with
Harappan cultures. This model of agropastoral land use neatly
encapsulates the available archaeological and paleoenviron-
mental data and presents another case globally where local en-
vironmental and cultural circumstances lent themselves to the
development of cultivation before permanent sedentism.
Undoubtedly crucial to the success of this study was the
adoption of an integrated archaeobotanical strategy that em-
ployed multiple lines of macro- and microbotanical evidence.
This approach has long been used in tropical regions, such as
the Americas and Oceania, where early subsistence regimes
focused on underground storage organs (roots and tubers) as
well as seeds and fruits. However, archaeobotanists working
in regions where seed crops dominate—such as the Near East,
Africa, East Asia, and South Asia—have been comparatively
slow to adopt multiproxy toolkits (though studies are increas-
ing). Yet it is this strategy that gives García-Granero et al.’s ap-
proach strength, enabling them not only to offset the preser-
vational biases of different types of plant remains against one
another but also to combine multiple data sets to build stronger
cases for the presence of particular plants or plant groups at
each site.
While an integrated multiproxy methodology enabled the
authors to overcome certain biases, a number of other archaeo-
botanical challenges were also encountered. The stratigraphic
mixing of deposits at Loteshwar—which caused Anarta phase
macrobotanical remains to intrude into the lower Mesolithic
layers—proved particularly problematic for chronological re-
construction. As a result, chronological inferences relating to
the Mesolithic phase rely on dates obtained during previous
excavations at the site (forming the basis, for example, for the
suggested antiquity of pulse exploitation dating to the seventh
millennium BC). Yet the stratigraphic relationship between
the recovered archaeobotanical assemblages and these previous
dateshasnotbeenmadeclear.Given thatGarcía-Granero et al.’s
radiocarbon dates also suggest a shorter chronology for their
Anarta layers compared with the previous excavations, this
issue warrants further discussion. The absence of dates from
deposit 1 at Mesolithic Vaharvo Timbo—which was the only
layer from that site to produce macroremains—also presents
chronological limitations. Although the authors acknowledge
the need for a “more robust chronology,” it seems an oversight
to not directly accelerator mass spectrometry date the seed
macroremains from these sites, especially as recent advances
in radiocarbon pretreatment methods now allow for the im-
proved dating of very small millet-sized seeds (e.g., Motuzaite-
Matuzeviciute et al. 2013).
Other taphonomic factors discussed as having possible ef-
fects on the archaeobotanical assemblages include the abra-
sion of microremains during grinding (which, in the case of
starches, can also make granules more susceptible to enzy-
matic decay) and the chemical dissolution of phytoliths. To
this list, I would also add the differential preservation of
starch granules in sediments versus grindstones, where en-
trapment in surﬁcial pits may help protect starch from soil-
borne starch-degrading enzymes (Barton andMatthews 2006;
Haslam 2004). This factor may explain the observed pattern
of starch granule abundance in grindstones and scarcity in
sediment samples.
Perhaps most striking, however, was the impact of modern
starch contamination on their study, which, once realized,
prompted the authors to disregard all starch data from Va-
harvo Timbo. It appears near impossible at this stage to de-
termine which, if any, of the recovered granules might be
genuine ancient starches, particularly as the expected ancient
morphotypes overlap with the modern contaminants. The ex-
tent of the problem is perhaps signaled by the almost two or-
ders of magnitude greater number of starches recovered from
grindstones at Vaharvo Timbo compared with Loteshwar (on
average, about 72 times more starches per artefact, on the basis
of concentration), with the overwhelming majority of those at
Vaharvo Timbo (82%) being the same Panicoideae types as
detected on the nonpowdered gloves worn during extraction.
These results serve as a warning to analysts of the risks that
modern laboratory contaminants can potentially pose in skew-
ing ancient starch data (see also Crowther et al. 2014).
These matters aside, I certainly look forward to seeing the
results of future research by this team at these and related
sites in North Gujarat. In this regard, there are many avenues
that the authors might explore to build on their multiproxy
method. For example, the analysis of characteristic use-wear
patterns that can develop on grindstones during plant pro-
cessing would serve as the perfect complement to the starch
and phytolith residue studies already undertaken (e.g., Ful-
lagar et al. 2015). Likewise, lipid studies may determine
whether the grindstones were used to extract oil from sesame
seeds, potentially providing a direct link between the recov-
ered macrobotanical remains and crop processing methods.
In any case, the ongoing integration of these and other ar-
chaeological science techniques will no doubt forge new un-
derstandings of the timing, complexity, and regional vari-
ability of the transition to food production in what is clearly a
key region of the world.
Ravi Korisettar
Department of Art and Archaeology, Karnatak University, Dharwad
580 003, India (korisettar@gmail.com). 25 IX 15
The paper by García-Granero et al. breaks new ground and
endeavors to identify the Anarta region of modern Gujarat as
one of several independent centers of the origins of agricul-
ture in the Indian subcontinent. At the outset, I would like to
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agree with the authors and note that the authors have at-
tempted an elucidation of the evidence from only a couple of
sites in North Gujarat (Anarta). These two sites bear evidence
for transformation of lifeways from hunting-gathering to
agropastoral, from the so called Mesolithic to Chalcolithic.
As revealed by the material culture sequence of two distinc-
tive cultural phases have been identiﬁed, Mesolithic and Cha-
loclithic. One is not clear of the existence of the Neolithic sub-
stratum here at other settlements falling in this time range,
before the emergence of Chalcolithic agricultural economies.
Further, it is also not very clear whether Anarta possesses unique
geographical environments in comparison with Saurashtra
and the rest of Gujarat, though there may be topographic var-
iations between them.
In recent archaeobotanical research, there is greater em-
phasis on recovering microbotanical remains as important
proxy data for reconstructing plant domestication. Phytoliths
and starch grains provide evidence related to the practice of
irrigated agriculture, dry farming, and vegeculture, including
crop processing activities. The advantages of microremains is
twofold: (1) they increase the scope of identiﬁcation of taxa,
and (2) they facilitate recognition of taxa from leaves, roots,
tubers, and fruits. In addition, stone tools such as grinding
stones also provide direct evidence of dietary habits of the
agricultural communities. García-Granero et al. have made a
systematic effort to recover multiproxy data from two neigh-
boring sites, Loteshwar and Vaharvo Timbo in North Gujarat.
Recovered macroremains include seeds and charred grains;
microremains include phytoliths and starch remains and grind-
ing stones. Microremains, however, have proved difﬁcult to
identify. Armed with these sets of data, the authors have set out
to (1) test a generalized hypothesis on the origins of agriculture
in the semiarid regions (Fuller 2006), including Gujarat; (2) test
the existence of a local millet-based agricultural economy be-
fore the establishment of Harappan urban settlements; and
(3) recognize Anarta as an independent center of agricultural
origins before the expansion of Harappan Civilization. The pre-
urban Harappan settlements are identiﬁed with the Anarta
Chalcolithic culture, which has a time bracket of 3681–2243 cal
BC.
The vast Indian subcontinent is a network of distinctive
ecosystems that are characterized by endemic plant and ani-
mal communities. These ecosystems are covered by the Indian
monsoon circulation, both summer and winter monsoons.
The latitudinal and longitudinal variation in the precipitation
regimes across the subcontinent has given rise to mangrove,
tropical evergreen, savanna, semiarid, and arid evergreen scrub-
lands and desert ecosystems. Hunter-gatherer and early agro-
pastoral settlements have been documented in profusion from
these ecosystems, revealing the fact that ﬂuctuating paleo-
climate regimes favored human adaptations to these eco-
systems during times of climate amelioration as well as de-
terioration. Strong seasonality of the Indian monsoon also
governed the mobility range of these communities, who were
exposed to distinctive plant food resources.
The semiarid monsoonal regions of the Indian subconti-
nent, such as Gujarat and the southern peninsula (excluding
Kerala), were considered secondary centers of agricultural
origins. Many scholars were of the view that local crops were
domesticated after the introduction of crops of African origin
and that the ﬁrst agricultural settlers facilitated their inclu-
sion into their food package. Over the past decade and a half,
systematic archaeobotanical investigations into regional early
agropastoral settlements have led to a paradigm shift em-
phasizing domestication of local crops before the spread of
crops either from Southwest Asia or Africa. This paper by
García-Granero et al. is a step forward in this direction.
Geophytology of a variety of wild plant food resources
across the subcontinent has identiﬁed a suit of native plant
food resources and other economic crops, including cereals,
millets, pulses, oil, and ﬁber seeds. While some have wide-
spread distribution, others are restricted to particular eco-
systems. For examples, small millets are known to have a wide-
spread distribution in monsoonal semiarid regions of peninsular
south India and Gujarat and native pulses in the deciduous
ecosystems of Western and Eastern Ghats. Archaeobotanical
research at a number agropastoral settlements falling in the
time range between the third and second millennia BC has re-
vealed the importance of small millets in the early agricultural
societies in these regions. In addition, this evidence has been
ﬁrmly dated by the application of the accelerator mass spec-
trometry radiocarbon method, in some cases directly on the
archaeological grains. Existence of independent early, small
millet–based agropastoral economies has long been envisaged
(Ajithprasad 2002; Ajithprasad and Sonawane 2011; Posselhl
1992). As many as seven such centers have been identiﬁed,
including Gujarat (Fuller 2006).
There are nearly a dozen varieties of small millet species
cultivated in India, and they have different geographical ori-
gins. For instance, some of the small millets that have their
provenance in peninsular south India are browntop millet
(Brachiaria ramose), sawa millet (Echinochloa colona ssp.),
proso millet (Panicum miliacum), kodo millet (Paspalum scro-
biculatum L.), little millet (Panicum sumatrense Roth), and
bristley foxtail millet (Sataria verticillata). These and several
other related small millets have received considered attention
in the current archaeobotanical literature. In the context of
identifying independent centers of agricultural origins within
the Indian subcontinent, our knowledge of their provenance is
critical to elucidating the process of domestication in the ar-
chaeological context. Criteria for identifying millet species in
the archaeobotanical samples has been worked out for India,
and the fact that sorghum and elusine millets are of African
origin is well founded.
Although cultivation of native crops in Gujarat was hy-
pothesized early on (Ajithprasad 2002; Sonawane 2000) be-
fore the introduction of African large millets and Southwest
Asian cereal crops, direct archaeobotanical documentation
in Gujarat was not undertaken. This is the ﬁrst time García-
Granero et al. have made a systematic documentation of
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archaeobotanical material in a dated context from North
Gujarat (Anarta). While all the earlier archaeobotanical ev-
idence came from Harappan sites and a non-Harappan site
of Padri in the Saurashtra peninsula of Gujarat, this evidence
from north Gurjarat is a major breakthrough. This research
has pushed back the antiquity of agricultural origins to the
fourth millennium BC, and the evidence from Anarta clearly
points toward existence of ecologically suitable conditions
for an early transition to agriculture focusing on local millets.
In view of the ubiquitous presence of small millets in the
Saurshtra region of Gujarat, the possibility of early domesti-
cation of monsoon-adapted local millets—particularly Pani-
cum sumatrenese and Setaria—was hypothesized, pending
documentation from non-Harappan archaeological contexts
(Fuller 2006).
There are some prerequisites for making a case for an
independent center of agricultural origins: ﬁrst and foremost
is systematic documentation of evidence for morphological
domestication, which is lacking in Indian archaeobotanical
research; second, for many taxa, reliable characters based on
modern reference data are not well established; third, infor-
mation on spikelet bases in terms of wild type or domestic
type seed dispersal is essential. For the latter, some prelim-
inary studies were carried out (Fuller 1999), but similar work
appears to be absent in this study. Further, Fuller et al. (2004)
have explained, on the basis of identiﬁcation of nonbrittle spike-
lets from among archaeobotanical remains from Neolithic sites
(12 sites) in peninsular south India, to place Southern Neolithic
as an independent center of agricultural origins, on the basis of
adoption of a suit of crops similar to what has been considered
by García-Granero et al. It is expected that these authors made
such an attempt.
The evidence presented here by García-Granero et al.
clearly indicates the existence of sedentary agriculture during
the time period from the mid third millennium BC and an-
tedates the similar evidence from the Southern Neolithic of
India (Fuller et al. 2009). The presence of wild Sesamum sp.
Grains is signiﬁcant and that it is was present in the region
during mid- Holocene is important. What is required is elu-
cidation of millet-pulse-livestock relationship in the given en-
vironmental context, especially the native crops. Absence of
clear information on wild forms of the domesticated grains
remains a major lacuna. Despite a good suit of radiocarbon
dates, what is not clear is the precursors to the beginnings of
sedentism, the beginnings of ceramic production (especially in
the absence of distinctive Neolithic substratum), and the tran-
sition to foraging of wild millets to cultivation and morpho-
logical domesticates. This has been an essential requirement in
Indian archaeobotanical research spanning the time period
from fourth to third millennia BC. I wonder why this issue has
not been addressed by the authors. Another important re-
quirement is direct AMS dating of the archaeobotanical grains.
Criteria for determining wild versus domestic grains would
facilitate a solid ground for making a case for Anarta as an
independent center of agricultural origins. Along with this,
documentation of weed assemblages is crucial to reconstruc-
ting independent center of agricultural origins. Although the
authors state that the study area has the potential for eluci-
dating local domestication of Bos indicus, their data do not deal
with a documentation of evidence for morphological change
from wild to domesticated forms of cattle.
The proxy data generated by the authors deserved a com-
parative study of more robust data from southern Deccan Neo-
lithic sites, where millet cultivation dominated the early agri-
cultural practices. Although the authors mention the presence
of spikelet bases (from Vaharvo Timbo) of four different spe-
cies of wild grasses, which of them were later domesticated
is not clear. This information would have been useful to ar-
chaeologists like myself.
Alison Weisskopf
Institute of Archaeology, University College London, Room 313B,
31–34 Gordon Square, London WC1H 0PY, United Kingdom
(a.weisskopf@ucl.ac.uk). 3 IX 15
This article provides welcome new archaeobotanical infor-
mation from a part of the world that has, in the past, lacked
systematically recovered archaeobotanical data. A major aim
of this study is the use of an integrated multiproxy approach
to explore the comparatively neglected role of plants in the
subsistence of pre-Harappan populations in the semiarid re-
gion of north Gujarat, India. The authors analyze archaeo-
botanical assemblages of charred seeds, phytoliths, and starches
from two pre-Harappan sites: hunter-gatherer-occupied Va-
harvo Timbo (5600–5000 BC) and Loteshwar, where both Me-
solithic hunter-gatherer (7168–4703 cal BC) andArnata (3681–
2243 cal BC) contexts are examined as well as phytoliths and
starches from grinding stones. In doing so, they aim to under-
stand how people responded to changes in water availability
caused by a weakening monsoon from ca. 7000 years ago and
assess whether there is evidence that seminomadic pastoralists
also cultivated plants, in particular small millets, Brachiaria,
Echinochloa, and Setaria. They also seek evidence for indige-
nous primary domestications of some small millets, legumes,
for example,Macrotyloma and sesame taking place in Gujarat
during the mid Holocene, which the authors suggest may have
been a response to the environmental stress of aridiﬁcation.
So do they succeed? As they state, there is evidence world-
wide for nomadic pastoralists utilizing wild grasses and in-
tegrating wild grass cultivation today as well as in the past
(Hugot 1968 and references therein). While the macrobota-
nical evidence from Vaharvo Timbo is slight—only three
identiﬁed seed taxa—they are all wild and accompanied by
relatively high proportions of Poaceae spikelet bases from
several genera supporting the argument for wild grass exploi-
tation by the hunter gatherers. The presence of four Arecae-
ceae phytoliths is probably not enough to suggest a systematic
use of wild palm (Phoenix sylvestris), but it is interesting to
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note the implications of their presence, along with some phy-
toliths from sedges and the presence of Pooid grasses, which all
point to utilization of the plants frommore humid areas. Lotesh-
war has only one quantiﬁable sample from the Mesolithic level,
again with very few macrobotanical remains, two of which are
sedges, and few identiﬁable phytoliths. The authors rely heavily
on the starches from the grinding stones to provide evidence for
their interpretation of a broad-spectrum economy during the
early to mid Holocene.
The argument for seminomadic pastoralism using interdu-
nal cultivation of kharif crops in the Chalcolithic North Gu-
jerat seems robust. The small millets and other plants found in
the Arnata levels at Loteshwar—for example, sesame—have a
short growing season and are suitable for exploiting highly
seasonal niche cultivation. The authors provide a parallel with
traditional mixed agriculture today in Kachchh. The phytolith
evidence for threshing at Loteshwar is somewhat scanty; it
would be interesting to know the proportion of silica skeletons
with threshing marks. The paper cited (Cumings 2007) sug-
gests that these marks can be caused only by threshing sledges.
Is there evidence for threshing sledges being used in Gujerat at
this time? Could these clean-cut edges be caused by anything
else? For example, trampling by cattle, which is still used to
process crops in India today, or other taphonomic processes?
In my experience of looking at phytoliths from contexts con-
taining crop processing waste from many Neolithic Lower
Yangtze sites, silica skeletons often have quite clean breaks at
the edges, but there is no artifactual evidence that threshing
sledges were being used there.
While the authors argue the presence and cultivation of
native taxa alongside other plants considered as weeds over
thousands of years in the region supports the argument for
local indigenous domestication, the data set they present here
is small. The issue of the difﬁculty in actually seeing domes-
tication of small millets is raised. The seeds do not change mor-
phologically, and many species still grow wild and as crop
weeds. The legumes present a similar problem, and the same
can be said for sesame. There are also issues with dating and
stratigraphy at Loteshwar. The theoretical argument is strong,
but the actual physical evidence is slight. As the authors state,
“Further evidence and a more robust chronology is needed.”
The paper ably demonstrates the value of a multiproxy ap-
proach and highlights what is possible with a systematic and
thorough archaeobotanical analysis.
Reply
We heartily thank the commentators for their remarks on our
article. They offer valuable insights and contribute powerful
ideas for further strengthening our model that we will most
certainly implement in our future research.
As Alison Crowther and Ravi Korisettar point out, the
chronology of the phenomenon under analysis—the adop-
tion of domesticates in Northern Gujarat—is somewhat du-
bious, and direct dating of the archaeological seeds could
greatly improve it. However, the existence of an extensive set
of radiocarbon dates (particularly for Loteshwar) and the
scarcity of macrobotanical remains in both sites, as remarked
on also by Alison Weisskopf, induced us to initially discard
this possibility. This said, we will certainly consider this ap-
proach once we assess the remaining material recovered dur-
ing the excavation of both sites. Similarly, Korisettar remarks
on the absence of a Neolithic phase, especially at the site of
Loteshwar, where the two phases of occupation were identi-
ﬁed asMesolithic and Chalcolithic. Bearing in mind that these
terms were introduced to deﬁne a periodization based on
lithic industry, they have become common terms used to
deﬁne both a subsistence economy and a chronology. Most
of the times, it is not completely clear whether, by the terms
Mesolithic or Neolithic, we refer to the chronology or to the
way of life. In addition, recent research seems to suggest that
the correlation between these terms and the subsistence strat-
egies applied by the people is not straightforward and as dog-
matic as it used to be considered (Smith 2001). Thus, if it is
true that Loteshwar does not seem to have a Neolithic sub-
stratum (where Neolithic is used to indicate a chronological
period), it is undeniable that it presents all the characteristics
of a Neolithic way of life in terms of subsistence practices—
incipient agriculture, presence of mixed wild and domestic
crops and animals.
The other major issue rose by Korisettar and Weisskopf is
the fact that the model presented in this paper is based on
scanty evidence, both in regards to number of sites (“only”
two) and botanical evidence. We should keep in mind that, to
date, only three sites in North Gujarat (ﬁve if we include the
adjoining Peninsula of Saurashtra) have been radiocarbon
dated to the mid-Holocene. Focusing on North Gujarat, the
other mid-Holocene occupation is documented in Datrana IV,
a lithic blade workshop located ca. 75 km west of Lotesh-
war and Vaharvo Timbo (Ajithprasad 2002, 2011; Gadekar,
Ajithprasad, and Madella 2013; Rajesh et al. 2013; Sonawane
and Ajithprasad 1994). A recent analysis of the archaeobo-
tanical evidence recovered from Datrana IV by the members
of the NoGAP project in 2010 yielded very few remains, both
macro and microbotanical (García-Granero et al. 2015), thus
precluding the use of these data in the debate at hand. On the
other hand, a thorough archaeobotanical analysis of the mid-
Holocene contexts documented in the Saurashtran coast (Padri
in the east and Prabhas in the south) is still lacking. Hence, our
model, which actually considers all the presently available evi-
dence, will certainly be reﬁned to incorporate new data resulting
from future research in this region.
Further comments include the possible application of use-
wear and lipid analyses, the use of grass spikelets to identify
small millet domestication, and the use of the threshing sledge
in Anarta North Gujarat. First, Crowther remarks on the
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suitability of carrying out further analyses on the grinding
stones considered in this study. Applying such techniques
as use-wear and lipid analyses would certainly help further
understanding the use of the grinding tools; we believe, how-
ever, that they might not necessarily contribute to the debate
at hand, that is, whether North Gujarat can be considered an
independent center for the origin of plant cultivation. Second,
Korisettar mentions the potential of small millet spikelets to
determine whether a domestication process was already tak-
ing place, despite the lack of morphological changes in the
grains themselves. This approach, successfully applied by Do-
rian Fuller in southern India (Fuller et al. 2004), could not be
considered in this study because of the scarcity of chaff remains
recovered at Loteshwar. Similarly, the few wild grass spikelets
recovered at Vaharvo Timbo could not be further identiﬁed
taxonomically, and thus it is not possible to determine whether
the grasses exploited by hunter-gatherers were later cultivated
by Anarta populations. Hopefully, further research in this area
will provide more archaeobotanical evidence that will help
clarify the plant domestication process. Finally, Weisskopf
inquires about the nature of the potential threshing marks
identiﬁed on silica skeletons from Loteshwar and the use of the
threshing sledge by the Anarta populations. Long, diagonal,
straight cuts occurring in silica skeletons have been associated
with the use of threshing sledges as opposed to the convex,
jagged, irregular cuts that are produced by trampling or pound-
ing (Anderson 2003). The fragmentation observed in the silica
skeletons was mostly of the ﬁrst type and therefore deﬁnitely
caused by some kind of threshing. However, we agree with
Weisskopf’s suggestion that they were not necessarily caused
by a threshing sledge, although this possibility cannot be dis-
carded. Further ethnographic and experimental research on the
cuts produced by cattle trampling and other processing meth-
ods should be considered to determine which was the chaîne
opératoire used at Loteshwar. However, we considered that the
existence of such marks was worth mentioning because they
suggest that some stages of the plant processing were taking
place on site and thus offered valuable insights into the daily life
of the mid-Holocene inhabitants of Loteshwar. To conclude,
we concur with Crowther’s statement that “ the ongoing inte-
gration of these and other archaeological science techniques
will no doubt forge new understandings of the timing, com-
plexity, and regional variability of the transition to food pro-
duction in what is clearly a key region of the world.” In this
regard, we hope that ongoing research within the NoGAP
project will shed new light on the complex process that is the
transition from food gathering to food production in North
Gujarat.
—Juan José García-Granero, Carla Lancelotti,
Marco Madella, and P. Ajithprasad
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